Phase transitions of a single polyelectrolyte in a poor solvent with explicit counterions J. Chem. Phys. 135, 154902 (2011) A generalized mean field theory of coarse-graining J. Chem. Phys. 135, 124103 (2011) Influence of crystallization-induced amorphous phase confinement on -and -relaxation molecular mobility in parylene F J. Appl. Phys. 110, 063703 (2011) Variability of physical characteristics of electro-sprayed poly(3-hexylthiophene) thin films J. Appl. Phys. 110, 054515 (2011) Additional information on J. Chem. Phys. The ordering kinetics of directed assembly of cylinder-forming diblock copolymers is investigated by cell dynamics simulation of the time-dependent Ginzburg-Landau theory. The directing field, mimicking chemically or topologically patterned surfaces, is composed of a rectangular array of potential wells which are attractive to the minority blocks. The period of the templating fields is commensurate with the hexagonal lattice of the block copolymer domains. The ordering kinetics is described by the time evolution of the defect concentration, which reveals that the rectangular field of [1 m] for a given density multiplication has the best directing effect, and the reversed case of [m 1] has the worst. Compared with a hexagonal directing field, the rectangular field provides a better directing efficiency for a fixed high density multiplication. The difference of the directing effect can be understood by analyzing the ordering mechanisms in the two types of directing fields. The study reveals that the rectangular pattern is an alternative candidate to direct block copolymer assembly toward large-scale ordered domains.
I. INTRODUCTION
Block copolymer (BCP) lithography, by taking advantage of the BCP ability to self-assemble into ordered microstructures, has received abiding interest by researchers in chemistry, physics, materials science, and nanotechnology. The BCP lithography technique has the potential to produce high-density multiplication of periodic patterns by directed assembly of BCPs on patterned substrates. Therefore BCP lithography is viewed as a promising technique to overcome the intrinsic limitation of standard photolithography, and to decrease the cost of e-beam lithography of sub-30-nm patterns which is required for improved data storage and computing speed in semiconductor technologies and other advanced materials. [1] [2] [3] [4] [5] Furthermore BCPs, via the change of their architectures, can self-assemble into a variety of ordered structures. 6 This feature enriches the application of BCP lithography.
For the purpose of practical application in highperformance functional materials, it is desirable that the BCP patterns possess long-range order and uniform domain shapes which can hardly be achieved by uncontrolled BCP self-assembly in bulk. The reason is that the equilibrium structure competes with a multitude of metastable morphologies that have a minimally higher free energy, as well as the unavoidable presence of defects. Typical differences in free energy between a stable morphology and alternative structure are on the order of 10 −3 k B T per macromolecule (where k B T denotes the thermal energy scale). This small free energy difference makes it hard to obtain long-range order in a free-standing system. At the same time, it provides the opportunity of using external interactions to stabilize metastable a) Author to whom correspondence should be addressed. Electronic mail:
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morphologies, particularly in thin films. A number of schemes, including shear, 7 electric fields, 2 thermal gradients, 8, 9 solvent annealing, 10 flow, 11 graphoepitaxy, [12] [13] [14] and chemical prepatterning, 15, 16 have been proposed to improve the ordering of BCP domains. Among these different possibilities, the graphoepitaxy based on prepatterned templates is one of the most used techniques to form large-scale perfectly ordered patterns in thin films. Recently significant advances have been achieved in the manufacturing of largescale ordered patterns by means of directed assembly of BCPs on patterned substrates. [17] [18] [19] [20] [21] Ruiz et al. used a sparse chemical patterns to direct BCPs to form a fourfold density multiplication of perfectly ordered hexagonal cylinders. 17 With substrates decorated by hexagonally arranged nanoposts, Bita et al. realized another effective graphoepitaxial method to direct the BCP assembly of thin films, 18 achieving up to about 21-fold density multiplication. In addition, great efforts have been dedicated to fabricate many complex patterns to expand the applications of BCP lithography. [22] [23] [24] [25] [26] To obtain perfectly ordered hexagonal patterns (cylinder or single-layer sphere) in thin films, a sparse hexagonal template is often used to direct the BCP assembly. In our previous work, the ordering kinetics of the BCP assembly directed by periodic two-dimensional (2D) hexagonal fields was investigated by cell dynamic simulation (CDS) of the timedependent Ginzburg-Landau (TDGL) theory. Our results reveal that the ordering effect is efficient when the length ratio of L s /L 0 is an integer which is not larger than four. In this case the defect concentration decreases exponentially with time. Here the two feature lengths L s and L 0 are the distance between the potential wells and the cylinder-to-cylinder distance of the bulk BCP phase, respectively. When L s /L 0 = 6, the field does not have an obvious directing effect on the ordering behavior and the evolution of defect concentration with time is similar as that in the bulk. intermediate between those of L s /L 0 = 4 and 6. The evolution of defect concentration follows a multistep power law instead of the exponential-decay behavior, but the absolute value of power-law coefficient increases with time, which is opposite to the case of L s /L 0 = 6. This suggests that the directing field still has significant effect. Therefore it is concluded that the highest density multiplication predicted from our simulations is not larger than 25-fold with the hexagonal array of periodic 2D fields. This conclusion is well consistent with available experimental observations. In experimental cases of chemically prepatterned surfaces, the film thickness plays a crucial role to form perpendicularly standing cylinders on substrates (usually chosen as around 1.6L 0 ). 19, 20, 27 By carefully controlling the film thickness, fourfold density multiplication can be achieved by means of chemically patterned templates, 17, 19, 27 and even a multiplication as high as ninefold has been claimed. 20 Higher multiplication has not been reported by this technique, but by an alternative strategy, i.e., templates prepatterned by hexagonal array of nanoposts to direct the formation of single-layer spheres in thin films. 18 It is reported that the multiplication is as high as about 21-fold. Compared to chemical-pattern surfaces, the array of posts has a 3D directing effect not only on the 2D surface, but also along the normal direction of the films.
In another word, the hexagonal field pattern is replaced by another field with different symmetry, such as rectangular potential wells, what will happen with the directing effect? In the present work, we focus on the investigation of the ordering kinetics of the formation of cylinders by directed BCP assembly on a rectangular array of periodic surface field. To ensure that the rectangular field array is commensurate with the intrinsic hexagonal array of BCP domains, two periods to describe the rectangular 2D field, L (Fig. 1) , and we use [lm] to denote this rectangular array (the square brackets are used to differ from the angular brackets for hexagonal field arrays). The corresponding density multiplication of [l m] (abbreviated as DM), also the ratio between the BCP microdomain number to the field-spot number, is DM = 2 ml. Our previous work suggests that the CDS method of TDGL is highly efficient to give qualitative results on the collective ordering kinetics of the directed assembly by patterned surface, which is useful to judge the relevant directing effect. Therefore the same simulation scheme is applied for the present study. It is assumed that the BCP formed domains are per- pendicularly standing cylinders or single-layer spheres in thin film with appropriate film thickness. Thus the system is simplified to be 2D, and the patterned surface is modeled as a periodic 2D fields.
II. MODEL AND THEORY
We consider an incompressible asymmetric AB diblock copolymer with equal monomer size and with polymerization of N A and N B for A and B blocks, respectively. Each copolymer has a volume fraction f = N A /N of the A block, where N = N A + N B is the total polymerization of the chain. The local monomer densities of A and B components are denoted as φ A (r) and φ B (r), respectively. The density difference, φ = φ A − φ B , is chosen as the order parameter to describe the phase separation and the pattern formation of the diblock copolymer. The model free energy can be written as a functional of φ which consists of three parts: short-range, longrange, and that of the external field, H ext (r):
(
The short-range part F S is the usual Ginzburg-Landau free energy and is given by
where D is a positive constant, W (φ) is the local interaction contribution, and it can be specified by its derivative:
with A > 1. The long-range contribution is originally proposed by Ohta and Kawasaki to alter the phase separation from macroscopic in A/B blends to be microscopic in AB diblock copolymers. 28 The long-range part is expressed as
where δφ(r) = φ(r) −φ, andφ = 2 f − 1 is the average value of φ(r) over the 2D space. In the above expression, G(r − r ) is a Green function, which can be conveniently specified by
The positive coefficient α in expression (4) is proportional to 1/N 2 f (1 − f ), and is inherent to the block copolymer.
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H ext (r) in the last term of Eq. (1) is the external field mimicking the chemically patterned surfaces. A potential-well function, similar as that used in our previous work, 21 is used to describe the surface interactions on the two components around the potential well at position the repeating numbers of the periodic rectangular 2D fields on x and y directions, respectively. With the above free-energy functional, the dynamics of the density evolution can be described by the Cahn-Hilliard model (Model B):
where M is a phenomenological mobility coefficient, set as M = 1, and η(r, t) is a random noise term, with zero average and a second moment of η(r, t)η(r , t ) = −η 0 M∇ 2 δ(r − r )δ(t − t ), here η 0 is the noise strength.
Follow our previous work, 21 we empirically choose these parameters as D = 0. 4 BCP domains are formed in each simulated sample. The standard CDS scheme is applied for the Laplacian discretization with periodic boundary conditions imposed on each direction, and the forward Euler algorithm is applied for the time integration with time step of t = 1.
III. RESULTS AND DISCUSSIONS
From our previous work of hexagonal directing field, it is found that the time evolution of defect concentration is a convenient and efficient quantity to evaluate the directing effect of different field arrays. For denser array of directing hexagonally packed potential wells ( 30 or 40 with L s /L 0 = 3 and 4, respectively) the defect concentration decays exponentially in time, indicating that large-scale ordered patterns can be obtained by BCP assembly under the direction of the field. For sparser hexagonal field of 50 , the time evolution of defect concentration does not decay exponentially, but follows a multistep power law with larger and larger power-law coefficient as time. This is faster than the bulk system. This suggests that 50 still has some directing effect on BCP assembling process, however, it would take a long time to obtain perfect pattern, or to observe small amount of defects in a short time. When the DM is increased further, DM ≥ 6 2 , the directing effect of the field is negligible because the defect evolution is similar as that of bulk system. To evaluate the directing effect of the rectangular field we first computed defect concentration as function of time for various field arrays of two fixed density multiplications of DM = 12 and DM = 16. For both cases, there are four candidate arrays by varying one of the two integers of l and m for fixed DM = 2 lm. The results of DM = 12 and DM = 16 are presented as linear-logarithm plots in Figs. 2(a) and 2(b) , respectively. Each set of data is calculated by averaging over 10-16 independent simulated samples. Obviously the directing effect described by defect evolution is dependent on the field array for a given DM. In Fig. 2(a) , the defect concentration of [1 6 ] has the fastest decreasing speed as time, i.e., exponential-decay (highlighted by the green solid line), while that of [6 1] has the slowest Fig. 2(b) . The defect evolution of the hexagonal 40 -field with the same DM, which is near exponential-decay, is shown as a comparison. It can be seen that the fastest evolution of [1 8] among these rectangular fields is slower than that of 40 , and deviates from the exponential relation at the later evolving stage. The simple exponential relation indicates that the correlation of defects is weak, and thus they are annihilated simultaneously. On the other hand, the intermediate defect evolutions between the exponential law and the multistep power law in the bulk indicate that some of defects are connected to form a large grain boundary which takes longer time to be eliminated.
From the two sets of results in Fig. 2 , it can be concluded that the type [ This feature suggests that the potential-well distance in each row or column (denoted as d s ) and the row-to-row or columnto-column distance (denoted as D) are the two main factors influencing the ordering kinetics. Smaller value of d s is beneficial to direct layer by layer assembly of cylinders starting from the aligned preformed cylinders on potential wells toward two side directions. For example, it is more obvious to observe the layer by layer formation of ordered cylinders in Fig. 3(b1) than (a1) . Furthermore, we can see stripelike patterns along the y-direction in Fig. 4(b1) , but not in Fig. 4(a1) .
However, for a given DM, smaller d s corresponds to larger D.
Larger D in Fig. 3(b1) indicates that there is more free space between two neighbor columns to form large grains with mismatched orientation from that of the field array. The defects located on the boundary of those large grains are difficult to be annihilated, particularly those with large angle of mismatched orientation (red grains in orientation distribution maps). At t = 10 5 , we find that there are more this type of grains in Fig. 4 (b1) than 4(a1), resulting in a slower defect annihilation of [6 1] than [1 6] .
In order to understand the directing effect of rectangular fields further, we present the orientation distributions of of t = 10 4 , there is a small difference of orientation distribution between the two settings in that the proportion of relative large grains with large angle of mismatched orientation in [1 8 ] is higher than that of 40 . Compared with the rectangular [1 8 ]-field, the potential wells in the hexagonal 40 -field are more uniformly distributed in the entire sample. As shown in our previous work, 21 the density of potential wells in 40 is high enough such that they tend to stop the formation of large grains with mismatched orientation. In the To focus on the defect evolution, only the area surrounding the defect locations is shown. In Fig. 6(a) , the pair of dislocations are indicated by two short color lines, and the Delaunay triangles around one of them are plotted. It is interesting to see that the two dislocations are located near the bottom row and the upper row of potential wells, respectively. Thus their distance is about 5L 0 which is close but smaller than the row-to-row distance of 6L 0 . This distance is a key factor to determine the life time of these defects. The presence of the periodic field results in that only small portion of lattice orientation of BCP domains is influenced by the small amount of defects (the region inside the red rectangle). Within this region, five BCP domains are needed to annihilate these defects. In Fig. 6(b) , these neighboring domains of the dislocations are rearranged to allow the addition of new domains. In the black circle of Fig. 6(b) , one new domain is added to form fivefold defect in the white circle of Fig. 6(c) . At the same time, the black circle of Fig. 6 (c) will allow the addition of another new domain. Defect annihilation proceeds by starting from the two dislocations and propagating toward each other. In this sense, the distance of the dislocations has significant influence on the local ordering time. Therefore, increased line-toline distance of the potential wells increases the possibility not only to form large grains, but also to produce pairs of dislocations with large distance, and thus slowing down the ordering process.
Although the ordering process of the rectangular [1 8]-field is slower than that of the hexagonal 40 -field, it exhibits an exponential relation when t ≤ 2 × 10 5 at which the grains with mismatched lattice orientations are diminished [see Fig. 2(b) ]. After that, a number of pairs of dislocations with a wide range of life times remain, therefore the ordering process is relative slow. Nevertheless, the rectangular [1 8]-field is still efficient for directing BCP assembly. It is worthy to examine the directing effect of other rectangular fields of the type of [1 m] with larger DM. In Fig. 7 , the defect concentrations as function of time for m = 10, 12, 14, 16, and 18, together with those of 50 (red line) and 60 (blue line), are shown as double-logarithm plots. At the early stage, the defect concentration approaches a power law with a power coefficient of 1/3 for large values of DM, which is similar as that of bulk system. This suggests that the ordering kinetics is dominated by the formation of large grains, so that the ordering process becomes slow as DM increases. However, it is surprising that the ordering processes of m = 14 is faster than that of 50 while the former case has larger DM than the later one. The same feature is also seen from the comparison between the fields of [1 18 ] and 60 , both of which have the same density multiplication of DM = 36. If we view the function of defect concentration as a multistep power law, the coefficient becomes larger and larger, which is different from that of 60 . This suggests that it is more likely to obtain well-ordered patterns, or at least, to obtain patterns with lower-density defects, by the direction of [1 18 ] than by that of 60 . rows. These grains can be diminished by the propagating of domain layers which is a steady kinetics because the ordered region has overwhelmed predominance on these grains. However, the situation in the samples of 60 is very different. As the potential-well distance is as large as 6 L 0 , which is larger than twice of the average dislocation-to-dislocation distance of about 2.5 L 0 , these potential wells have negligible influence on the directed BCP assembly. Thus the domains around each potential well have almost independent orientation, and those domains with similar orientation will merge with each other to form larger grains, as shown by the red grains evolving from t = 10 5 to 10 6 . These large grains are difficult to be eliminated because their total size is comparable with that of those grains of consistent orientation with the field array. In our results, the difference of the average defect concentrations at t = 10 5 , (10.6 ± 0.3)% for [1 18 ] and (11.5 ± 0.5)% for 60 , is quite small. While t = 10 6 , (4.5 ± 1.1)% for [1 18 ] and (6.9 ± 0.5), the difference is increased.
Very recently, Tang and Ma studied BCP assembly on patterned templates decorated by periodic rectangularly arranged nanoposts using 2D real-space calculations of the selfconsistent mean-field theory (SCFT). 32 With this equilibrium theory, they were able to observe the final equilibrium structures but the knowledge of the ordering process is lacking in the SCFT approach. These authors observe perfectly ordered cylinders/spheres under the direction of rectangular post array with as large as 34-fold density multiplication, which corresponds to m = 17 in the [1 m] type of rectangular field. This observation is not contradictory with our results in Fig. 7 . In their model, the post array has stronger directing effect than the pure periodic field in our model because of the presence of the geometrical confinement of these posts. In addition, the equilibrium results are sensitive to the initial conditions and the iterating process when solving SCFT equations. Our results of ordering kinetics are well complementary to those from their equilibrium calculation.
IV. CONCLUSIONS
The ordering kinetics of cylinder-forming diblock copolymer assembly under the direction of periodic rectangular fields has been studied by cell dynamics simulations of the time-dependent Ginzburg-Landau theory. A two-dimensional rectangular field, denoted as [l m], consists of potential wells with the distance of l √ 3L 0 along the x-direction and that of mL 0 along the y-direction, where L 0 is the cylinder-tocylinder distance in bulk system. Our results of ordering kinetics, described by the time evolution of the defect concentration, reveal that the rectangular field of [1 m] for a given density multiplication has the best directing effect, and the reversed case of [m 1] has the worst. Compared with the case of hexagonal fields, the rectangular field has a worse directing effect for a fixed low density multiplication, however, its directing effect becomes better for a fixed high density multiplication. For example, the directing effect of the rectangular [1 8]-field is worse than that of the hexagonal 40 -field for the density multiplication of 16. The reversed situation is that the [1 18 ]-field has a better directing effect than the 60 -field for the large density multiplication of 36. The hexagonal 60 -field has negligible effect on the directing of BCP assembly. In another word, a low-density of potential wells cannot effectively decrease grain sizes, or direct local grain orientations to be commensurate with its inherent orientation. The comparison between its evolution of defect concentration and that in uniform films indicates that the 60 -field has little directing effect on the pattern formation. However, for the rectangular [1 18 ]-field, all of the potential wells are aligned in rows with a distance of √ 3L 0 , and each row has the ability to direct layer-by-layer ordering of BCP domains. These rows restrict grain sizes along the normal direction of rows. In addition, the layer-by-layer ordering has a steady propagating speed to invade into those grains located intermediate between rows, which have mismatched orientations from the field lattice. The most important conclusion from the current study is that the rectangular pattern is alternative candidate to direct block copolymer assembly toward large-scale perfectly ordered domains in experiments.
